An unusual Fe-H bonding rather than conventional OH bonding is identified at Fe 3 O 4 (001) surface. This abnormal behavior is associated with the oxygen vacancies which exist on the surface region but also penetrate deep into the bulk Fe 3 O 4 . In contrast, OH bonding becomes preferential as generally expected on an ozone processed surface, which has appreciably less oxygen vacancies. Such bonding site selective behavior, depending on oxygen vacancy concentrations, is further confirmed with DFT calculations. The results demonstrate an opportunity for tuning the chemical properties of oxide surfaces or oxide clusters.
Introduction
The adsorption of hydrogen on oxides is a fundamental chemical reaction. This reaction is associated with many areas in science and technology, especially in catalysis, hydrogen storage, and environmental science. Tremendous effort has been devoted to understand the accompanying interactions at the atomic level, including studies of surfaces of bulk oxide crystals [1, 2] as well as oxide nanoparticles [3] . However, the presence of oxygen vacancies raises the complexity of the problem substantially. Oxygen vacancies have been reported to play a significant role in chemical reactions. For example, oxygen vacancies are demonstrated to assist the coupling and enolization of acetaldehyde on a CeO 2 (111) surface [4] , and to enhance the catalytic activity of MnO 2 [5, 6] . However, the microscopic origin of such vacancy-related chemical reactions is still under intensive investigation. The identification of oxygen vacancy locations and its role in the bonding to adsorbate atoms like H is crucial for understanding the nature of associated chemical interactions.
Although being a well-known magnetic material in the history [7] , Fe 3 O 4 also serves as a catalyst in today's chemical industry [8] . The partially occupied iron D-band makes its surface ideal for adsorption and dissociation of molecules [9] . Fe 3 O 4 has a cubic inverse spinel lattice structure, consisting of two different layers (A and B). As shown in Fig. 1 of the tetrahedron and octahedron. Experimentally, the (001) surface is terminated with B layer ((1×1) symmetry in the bulk). The surface reconstructs, forming a R ( 2× 2) 45°phase to remove the polarity of this surface [10] . Several models have been proposed to explain the properties of the reconstructed surface [10] [11] [12] [13] , but they all assume a defect free surface. Adsorption of H onto the (001) Fe 3 O 4 surface removes the reconstruction [14] , where chemical intuition and theoretical calculations [15] predict that the H bonds to O atoms at the surface. The bonding site has not been determined experimentally.
In this article, we report a striking observation that H exposure on the conventionally processed (CP) (001) surface of Fe 3 O 4 results in mainly Fe-H rather than OH bonding (see Fig. 1 ). But on ozone processed (OP) surface, conventional OH bonding becomes dominant after H exposure. We argue that oxygen vacancies are the key to this abnormal H bonding preferentialism. First-principle calculations also illustrate that the high density of oxygen vacancies is the origin of this peculiar chemical behavior for CP magnetite. Furthermore, we demonstrate that the presence of O vacancies is not just localized at the surface of the oxide but can extend deep into the bulk, thus potentially impacting more than surface properties.
Experimental details
All experiments were performed in ultrahigh vacuum (UHV) systems using natural magnetite single crystal samples purchased from SurfaceNet and cut in (100) direction. The resistivity vs. temperature measurements on these samples exhibit a Verwey transition at T ≈ 120 K. The (001) surfaces were prepared through cycles of sputtering (1 keV Ne ++ 15 min) and annealing (900 K in vacuum 30 min). The surface was then further annealed in 1×10 -6 Torr oxygen environment at 800 K, which creates the CP surface. The OP surface was annealed in 1 m Torr 1% ozone environment at 800 K after cycles of sputtering and annealing in vacuum. After both treatments, sharp R ( 2× 2) 45°low energy electron diffraction (LEED) patterns were observed. Surface composition was examined by X-ray photoelectron spectroscopy (XPS) to check for surface contamination. Hydrogen adsorption was done by exposing the surfaces to atomic hydrogen at room temperature with a line of sight hot W filament in the presence of a partial pressure of H 2 .
Low-energy ion scattering spectroscopy (LEIS) experiments were performed in a UHV system with base pressure 2×10 −10 Torr. A 1500 eV He + beam with a~200 nA current was used to probe the Fe 3 O 4 surfaces. The incident and scattering angle were both fixed at 50°. In these condictions, the sputtering rate is more than two hours per layer [16] . High-resolution electron energy loss spectroscopy (HREELS) data were collected by a LK-5000 spectrometer in a μ-metal shielded chamber with base pressure 5×10 −11 Torr. A 7 eV electron beam was tuned by two monochrometers, and then scattered off the sample surface. The energy loss of the scattered electron beam was analyzed with an instrumental resolution of~2 meV. The electron analyzer was located in the specularly reflected direction, with an incident angle of 70°. This allows the incoming electrons to interact with the long range dipole field from the surface, which originates from the bulk dielectric properties. Sample transfer between the HREELS and XPS chamber were accomplished with a vacuum suitcase, which consists of an ion pump, transfer arm, ion gauge and gate valve. The base pressure therein can be maintained at 5×10 −9 Torr.
Results and discussion

H adsorption on CP surface
Parkinson et al. have observed bright protrusions on top of Fe atoms with STM and Fe valence reduction with XPS for H covered Fe 3 O 4 (001) surface [14] , but there has been no direct evidence for the location of the adsorbed H. After atomic hydrogen exposure, LEED pattern returns to unreconstructed p(1×1) pattern, as reported by Parkinson et al. [14] [see the inset of Fig. 2 (A)-(B)]. Fig. 2 shows our measurements for the adsorption of atomic H on CP surface at room temperature, using LEED, LEIS and HREELS.
LEIS is an extremely surface sensitive technique used to characterize chemical and structural properties [17] . Usually an incident beam of inert gas ions is scattered back from the surface, losing energy and changing momentum [inset of Fig. 2(C) ]. The backscattering can be modeled by a simple classical calculation involving the energy of the incident beam and the mass of the surface atoms [17] . Atomic H cannot be detected with this technique, but the adsorbed H can shadow the atoms below, referred as shadowing effect, giving an indication of the bonding configuration [18, 19] . Fig. 2(C) shows the LEIS spectra for the CP surface before and after H adsorption, using He + ions. Before hydrogen adsorption, the ratio of the O (at~960 eV) to Fe (at 1280 eV) peak areas is 47:100, which agrees with a previous report [20] . After hydrogen exposure, the Fe peak drops dramatically by~40% while the O peak is only reduced by~25%. This indicates H prefers the surface Fe site, though the reduction in the O signal is also significant, and will be shown to be related to the OH intensity in the XPS spectra.
In principle, HREELS is an ideal tool to determine the H bonding site by looking for the H stretching mode, whose energy will reflect the bonding configuration. The OH stretching vibrational mode usually has energy near 450 meV [21] , while the energy for the Fe-H vibrational mode is~110 meV for H on a bridge site of Fe(110) [22] . Unfortunately, the spectrum for ionic crystals is dominated by intense Fuchs-Kliewer (FK) vibrational modes [23] , which are determined by bulk dielectric functions, and penetrate deep into the bulk, typically over 10 nm. Although FK modes are the result of the creation of a surface, they are not sensitive to surface conditions. The properties of FK phonon modes have been reviewed by Kress et al. [24] . These intense bulk-like modes make it very difficult to see the true surface vibrations [24, 25] . The lower panel of Fig. 2(D) displays the HREELS spectra before and after hydrogen adsorption on the CP surface. No peak in the energy range of 450 meV was observed for exposures of 10 L to 1800 L at both 77 K and 300 K. To observe the spectral region of the Fe-H mode, a Fourier Transform Deconvolution (FTD) procedure is performed. This method proposed by P.A. Cox in 1984 has been successfully applied to ZnO and SrTiO 3 HREELS spectra [26] . After FTD [ Fig. 2(D) upper panel], a peak at 113 meV appears, indicative of a Fe-H bond. Thus, HREELS results confirm the picture of Fe-H bonding rather than OH bonding.
H adsorption on OP surface
Although the result that Fe-H bonding is more preferential compared to O-H bonding is surprising, similar phenomenon have been observed by LEIS on highly oxygen deficient TiO 2 (001) surface [27] , where only the Ti peak is decreased after hydrogen exposure (O peak remains unchanged). This prompted our belief that oxygen vacancies may play an important role in bonding site selectivity. Fig. 3 displays the results of H adsorption on OP surface, showing that H bonds to the O when the number of oxygen vacancies has been reduced. Similar to CP, a clean OP surface is also R ( 2× 2) 45°r econstructed, showing that the surface symmetry doesn't change upon ozone processing. The OP surface changes to a p(1×1) structure after H exposure. However, the HREELS data in Fig. 3(A) clearly reveals the presence of an OH stretching mode at~450 meV, which was not seen for H adsorption on the CP surface. This OH peak is broad, most likely due to inhomogeneous broadening associated with the multitude of possible sites on a surface with defects. The Fe-H vibrational mode (shown in Fig. 2(D) ) is not observed for the OP surface. The XPS O 1 s spectrum taken at emission angle θ=81°(which is much more surface sensitive than for normal emission) in Fig. 3(B) clearly shows a new high binding energy peak, which is due to the OH bond. Fitting the experimental curve gives an intensity distribution of 64% ± 1.4% for O 2− at~530.2 eV, 13% ± 3.8% in the O vac at~531.2 eV, and 23% ± 3.5% in the OH peak at~532.1 eV. The inset in Fig. 3(B) displays normal emission XPS and shows little change upon adsorption of H. For comparison, Fig. 3(C) shows the XPS data of H adsorption on a CP surface. An appreciable reduction in the area of the O 1 s spectral intensity (~10%) is observed when H is adsorbed. There is also a redistribution of the spectral weight, with the high binding energy "vacancy" peak (O vac ) increasing to~44% compared to 35% for the clean CP surface. Normal emission XPS data [inset of Fig.3(C) ] for the same conditions show almost no change induced by H adsorption on the CP surface. We speculate that H adsorption creates more oxygen vacancies at the surface, or that part of the spectral weight of the O 2− peak was stolen by the formation of a small amount of OH bonds. We can fit the spectra taken with θ=81°for the H-covered CP surface in Fig. 3(C) with the same weight (44%) in the O vac peak at~531.4 eV as for the clean CP surface and get~8% spectral weight in the OH peak at 532.2 eV (Fig. 3(C) ) as well as 48% in the O 2− at~530.4 eV. The OH spectral intensity is not seen in the more bulk sensitive normal emission [inset of Fig. 3(C) ]. The completely different bonding sites upon H adsorption for the CP and OP surfaces are determined to be associated with oxygen vacancies. XPS O 1 s core level spectra are shown in Fig. 4(A) and (B) for normal emission from clean CP and OP surfaces, respectively. The mean free path for the electrons excited from the O 1 s core is 2.5 nm [28] , meaning that normal emission probes 2.5 nm into the bulk, i.e. 10 AB layers in Fig. 1 . The spectra in the insets of Fig. 4(A) and (B) are for the 81°grazing emission angle, which probes only the top AB layer. The O 1 s core level XPS spectrum for the CP surface shown in Fig. 4(A) is much more asymmetric (with extra spectral weight at high binding energy side) [29] than the OP surface spectrum (Fig. 4(B) ). Fan et al. fitted the spectra for a CP surface with two peaks, attributing the higher binding energy peak (~531.5 eV) to the presence of oxygen vacancies [30] . Fig. 4(A) shows the fitting to our spectra with two peaks: one at 531.4 eV, with 35% ± 1.1% of the total spectral intensity at the "vacancy" peak (O vac ), and the other at 530.4 eV for O 2− with 65% ± 0.7% of the spectral intensity. The spectral weight of the "vacancy" peak is reduced to 18% ± 3.9% in OP surface spectra, showing that the relative oxygen vacancy concentration is appreciably reduced. There is no measurable difference in the ratio of the "vacancy" peak to the O 2− peak with large emission angle for either CP or OP surfaces (see inset Fig. 4(A) and (B) ). Thus O vacancies for both CP and OP surfaces are not localized at the surface, but penetrate deep into the bulk. HREELS is routinely used to measure the vibrational motion of atoms and molecules on a surface [31] , and it can also provide information on lattice conditions. The HREELS data shown in Figs. 2(D) and 3(A) for H adsorption on CP and OP surfaces emphatically illustrate different FK modes. The FK modes are sharper, more intense, and better defined on an OP surface than for CP surfaces. According to White and De Angelis [32] , the 50 meV and 79 meV peaks are induced by the Fe-O antisymmetric stretch and bending mode in tetrahedral groups. As stated previously, adsorption of foreign gases on the surface has almost no effect on the FK modes [24, 25, 33] , so the differences in the FK modes indicate more oxygen vacancies in CP surface regions, which in turn changes the physical properties deep into the bulk.
These conclusions are critically important for understanding the physical and chemical properties of the Fe 3 O 4 (001) surface. To our knowledge, all previously reported experiments use CP to prepare the (001) surface of Fe 3 O 4 single crystals. However, we show that CP samples are oxygen deficient in the selvedge (subsurface) region near the surface. Therefore, the results of previous studies need to be analyzed in the context of an oxygen deficient selvedge. It is also significant that neither CP nor OP samples have oxygen vacancies only at the surface. The changes in the FK modes and the angle dependence of the O 1 s core level spectra in both cases indicate that the O vacancies penetrate deep into the bulk.
Desorption studies on H covered surfaces
The results shown above have described the changes induced by adsorption of atomic H for both CP and OP surfaces. To understand the mechanism of this abnormal Fe-H bonding on a CP surface, desorption experiments were performed. Fig. 5(A) -(C) display the evolution of LEED patterns after heating a CP sample to different temperatures. The patterns in Fig. 5(A) and (B) show the surface with a (1×1) structure, originally induced by H adsorption. The surface only returns to the "clean" R ( 2× 2) 45°structure when heated to 700 K [ Fig. 5(C) ]. The LEIS spectra in Fig. 5(D) indicate that heating to 500 K removes the H bonded to the Fe, as witnessed by the Fe peak returning to its initial intensity. However, the O peak in the LEIS spectra [see the inset of Fig. 5(D) ] has not recovered all of the intensity lost by H adsorption, i.e. there is still missing O or O atoms are being shadowed by H, and the LEED pattern is still (1×1) (Fig. 5 (B) ). If the sample is heated to 700 K, 200 K above the desorption temperature for Fe-H, the LEED pattern, LEIS, and XPS spectra return to the original CP surface condition. An obvious explanation is that the small amount of H bonded to O on CP surface is removed at a higher temperature than the H bonded to Fe.
Desorption of H from an OP surface was also studied using XPS. The primarily OH higher binding energy peak at 532 eV in the XPS O 1 s spectrum is a signature of the H bond. Heating the sample to 570 K removes about 70% of the intensity in this peak (dashed line in Fig. 5(E) shows the OH fitted peak with~7% of spectral intensity), but the sample must be heated to~700 K to completely remove the OH peak and return the LEED pattern to the "clean" R ( 2× 2) 45°s tructure. This suggests H has a higher desorption temperature on an OP surface than on a CP surface, i.e. the OH bond on an OP surface is stronger than the Fe-H or OH bonds on a CP surface, which is intuitively correct, and reproduced by calculation. The reversible process of hydrogen adsorption on the CP and OP surfaces suggest that these two surfaces are both stable phases of B terminated Fe 3 O 4 , yet different oxygen vacancy concentrations lead to their distinct physical and chemical properties.
To illustrate the role of oxygen vacancies on the adsorption of atomic H, we have performed self-consistent DFT calculations for the binding of H as a function of the concentration of O vacancies on the surface. Density functional theory (DFT) calculations were performed using the Vienna ab initio simulation package (VASP) [34] with projector-augmented wave (PAW) potentials [34, 35] . The generalized gradient approximation (GGA) parameterized by Perdew-BurkeErnzerhof (PBE) [36] for the exchange-correlation functional was used. The energy cutoff was 400 eV for the plane-wave basis sets. We used U=5 eV and J=1 eV for the Fe 3d orbitals, similar to the choices in previous studies of Fe 3 O 4 [37] .
For a defect free surface we reproduce the results of Mulkaluri and Pentcheva [15] for H bonded to O with a binding energy of −1.31 eV. As the O vacancy concentration at the surface increases, the binding energy of H to O decreases while the H to Fe bond strength increase. There is a crossover at~37% vacancy concentration, and at 50% vacancy concentration, the Fe-H bond is −1.05 eV compared to −0.42 eV for the OH bond. This picture is consistent with the above experiments, showing that Fe-H bonding is preferred on highly oxygen deficient (CP) surfaces, but small amounts of OH may also exist. These DFT calculations for a model defect density illustrate the importance on knowing the metadata associated with sample processing. Undoubtedly, the selvedge oxygen vacancies should be considered in a more elaborate calculation.
Conclusion
In summary, we discovered a hitherto unreported adsorption behavior of atomic hydrogen on Fe 3 O 4 (001) surfaces. H bonds to Fe sites on an oxygen vacancy rich surface but to O sites on the less oxygen deficient surface. The stronger OH bonding will break at higher temperature when compared to Fe-H bonding during desorption. We demonstrated this unusual H bonding is associated with the presence of oxygen vacancies both experimentally and theoretically. 
